Managing dryland cropping systems to increase soil organic C (SOC) under changing climate is challenging after decades of winter wheat (Triticum aestivum L.)-fallow and moldboard plow tillage (W-F/MP). The objective was to use CQESTR, a processbased C model, and SOC data collected in 2004C model, and SOC data collected in , 2008C model, and SOC data collected in , and 2012 to predict the best management to increase SOC under changing climate in four cropping systems, which included continuous wheat under no tillage (W-W/NT), wheat and sorghum ´ sudangrass [Sorghum bicolor (L.) Moench. ´ Sorghum sudanese L.] under no tillage, wheat-fallow under sweep tillage, and W-F/MP. Since future yields and climate are uncertain, 20 scenarios for each cropping system were simulated with four climate projections and five crop yield scenarios (current crop yields, and 10 or 30% greater or lesser yields). Measured and simulated SOC were significantly (p < 0.0001) correlated (r = 0.98) at all soil depths. Predicted SOC changes ranged from −12.03 to 2.56 Mg C ha −1 in the 1-m soil depth for W-F/MP and W-W/NT, respectively, during the 2012 to 2052 predictive period. Only W-W/NT sequestered SOC at a rate of 0.06 Mg C ha −1 yr −1 under current crop yields and climate. Under climate change and yield scenarios, W-W/NT lost SOC except with a 30% wheat yield increase for 40 yr. Predicted SOC increases in W-W/NT were 0.71, 1.16, and 0.88 Mg C ha −1 under the Oregon Climate Assessment Reports for low emissions and high emissions and the Regional Climate Model version 3 with boundary conditions from the Third Generation Coupled Global Climate Model, respectively, with 30% yield increases. Continuous no-till cropping would increase SOC and improve soil health and resiliency to lessen the impact of extreme weather.
Simulating Soil Organic Carbon Responses to Cropping Intensity, Tillage, and Climate Change in Pacific Northwest Dryland Hero T. Gollany* and Robert W. Polumsky A n important challenge facing agriculture is understanding how changing climate and especially extreme events can substantially affect crop yields, soil organic matter (SOM), and associated soil organic C (SOC). Maintaining SOM in the inland dryland Pacific Northwest (PNW) is vital for soil health and sustainable small grain production to meet increasing global food demands under changing climate. Furthermore, increasing SOC is essential to ecosystem functioning due to its positive effects on cation exchange capacity, pH, soil fertility, soil microbes, soil aggregate stability and structure, erosion, aeration, and water retention (Alberts and Moldenhauer, 1981; Gollany et al., 1992; Six et al., 2000; Kong et al., 2005; van Keulen, 2001; Janzen, 2006) . The loss of C from dryland PNW soils after conversion from native prairie to agricultural cropping is well documented (Rasmussen and Collins, 1991; Rasmussen and Albrecht, 1998; Gollany, 2016) . Using long-term data, Liebig et al. (2005) estimated an average relative SOM loss of 34 ± 14% in the top 30-cm depth in the northwestern United States and western Canada after conversion from native prairie or forest to crop production. Therefore, there is the potential to reverse the historical SOC loss with proper agricultural management practices, as opposed to soils that are close to C saturation.
One of the key questions in SOC research for the dryland PNW relates to the fate of SOM with increasing temperature under climate change. Empirical determination of the temperature response for SOC in the whole soil profile (1 m) has been difficult (Hicks Pries et al., 2017) . Soil organic C is expected to decrease with increases in temperature. Limited research has been conducted on the effects of warming on SOC stocks in dryland agroecosystems (Dijkstra and Morgan, 2012) ; however, there are a few experiments in grassland (Pendall et al., 2013) , grazed pasture (Ross et al., 2013) , and forest (Dawes et al., 2013) that examined the effect of topsoil warming and may be applicable to dryland agroecosystems. Jenkinson et al. (1991) and Kirschbaum (1995) reported a 1°C increase in temperature could result in a 3 to 10% decrease in SOC. There are still the uncertainties in predicting temperature sensitivity of SOC decomposition (Giardina and Ryan, 2000; Knorr et al., 2005; Davidson and Janssens, 2006) . This is due to the interaction of soil water content and temperature and the spatial and temporal variabilities of SOC in the root zone (Falloon et al., 2011) . It is important that management practices are developed to slow the rate of SOM decomposition with soil warming.
It is even more challenging to predict if and how SOC changes in agroecosystems under changing climate because of the limited reliable wheat (Triticum aestivum L.) yield projections under dryland production. Predicting the potential effects of climate on crop yield requires projections of crop response to temperature and precipitation (Lobell and Burke, 2010) . Although the uncertainty of crop yield projection has decreased with improved temperature response functions (Wang et al., 2017) , the bias in statistical crop models limits the projection accuracy of yield responses to precipitation because of error in measured precipitation values (Lobell, 2013) . Furthermore, all crop growth models have been developed under present-day conditions, and few have been adequately validated for their performance under the expected changes in climate (Kimball et al., 2017) .
Projected climatic changes for the PNW region include a longer, warmer growing season and increased precipitation in the next decade or two, and they may include more frequent extreme events under increasing atmospheric CO 2 (Abatzoglou et al., 2014; Dalton et al., 2017) . Warmer winters promote expanded growing seasons, and CO 2 enrichment may increase yields for some crops and create opportunities to grow new crops. These changes will affect soil and water resources and CO 2 emissions in the region. Over the long term, water shortage and drought stress may reduce crop biomass production and consequently reduce C inputs to the soil and decrease SOC stocks.
It is not feasible to determine effects of climate change on SOC in agroecosystems due to the slow process and the complex interactions between management factors, climate, and edaphic properties (Gollany, 2016) . The potential impacts of climate change on C cycling and SOC accrual and loss in agroecosystems have been assessed by process-based models. Simulation models such as CENTURY, CQESTR, and RothC ( Jenkinson et al., 1991; Paustian et al., 1992; Smith et al., 1997; Jones et al., 2005; Gollany, 2016) can be used to predict potential effects of climate change on SOC. We selected the CQESTR model because it can compute SOC in a soil profile of up to five layers or horizons (Liang et al., 2009) . It also includes soil C saturation algorithms.
The CQESTR model is a process-based soil C balance model of intermediate complexity. It has been under continuous development by USDA-ARS scientists at the Columbia Plateau Conservation Research Center in Oregon since 2000 (Rickman et al., 2001; Liang et al., 2009) . It works on a daily time-step and can perform long-term (e.g., 100-yr) simulations (Liang et al., 2009) . Initially CQESTR was validated for field-scale use. It was recalibrated and revalidated for use across North America (Liang et al., 2009) . CQESTR was modified to include soil C saturation algorithms (Hassink and Whitmore, 1997; Stewart et al., 2009) and was recently revalidated for landscape-scale evaluation of agronomic management practices (Gollany and Elnaggar, 2017) . It computes the rate of biological decomposition of crop residue or organic amendments as they convert to SOM and associated SOC (Liang et al., 2009) . It simulates the effects of amendment additions (Gollany et al., 2012a; Plaza et al., 2012) , climate (Gollany et al., 2012b; Gollany, 2016) , crop residue burning or crop residue removal (Wilhelm et al., 2010; Gollany et al., 2011; Wienhold et al., 2016) , crop rotations (Liang et al., 2008) , and tillage management practices (Rickman et al., 2002; Leite et al., 2009) .
The specific objectives of this study were: (i) to use CQESTR to simulate SOC dynamics in the soil profile (0-10, 10-20, 20-30, 30-60, and 60-100 cm) from 2003 to 2012; (ii) to predict SOC changes in the 1-m soil depth for five treatments that included winter wheat, a sorghum ´ sudangrass hybrid [Sorghum bicolor (L.) Moench. ´ Sorghum sudanese L.], and fallow in combination with conventional moldboard plow tillage, no tillage, or sweep tillage through 2052; and (iii) to identify the best dryland cropping systems to maintain or increase SOC stocks and reduce CO 2 emissions under projected climate change for low and high greenhouse gas (GHG) emissions in the dryland of eastern Oregon.
Materials and Methods

Site Description and Management Practices
Data were collected from 1997 to 2016 in the GRACEnet plots (45°43¢8¢¢ N, 118°37¢20¢¢ W, 453 m asl) located 15 km northeast of Pendleton, OR. The soil at the site is a Walla Walla silt loam (coarse-silty, mixed, superactive, mesic Typic Haploxeroll) developed in loess from Pleistocene alluvial deposits overlying Miocene basalt flows. The climate is temperate continental Mediterranean, with mean annual precipitation of 407 mm (132 mm in December-February, 133 mm in March-May, 49 mm in June-August, and 93 mm in September-November) since 1998 and a dry season starting in mid-June through early October. During the 19-yr study period, the average air temperature was 10. 20 .2°C in June-August, and 10.4°C in September-November).
The field was previously in winter wheat-fallow (15 mo fallow) under traditional conventional plow tillage (?22 cm deep) for several decades before initiation of the experiment in 1997. The fallow phase included one primary tillage operation (moldboard plow or disk) in April, followed by secondary tillage (field cultivator ?13 cm deep, tine harrow ?13 cm deep, and one to several shallow rod weedings with a 3-m-long and 1.9-cm 2 rod set to a depth of 5 cm) depending on weather. The plots were a randomized complete block design with four replications consisting of three crop rotations and an alternative tillage with the following treatments: (i) continuous wheat under direct seeding/no tillage (W-W/NT); (ii) 3-yr rotation of wheat-wheat-sorghum ´ sudangrass hybrid under direct seeding (W-W-S/NT); (iii) 2-yr rotation of wheat-fallow under sweep tillage (W-F/ST); (iv) 2-yr rotation of wheatfallow using moldboard plow tillage (W-F/MP); and (v) continuous chemical fallow (CF) plots as a control. Winter wheat in all treatments was planted in mid-October and harvested in late July. Sorghum ´ sudangrass was typically planted in late May and chopped in late September. Both W-W/NT and W-W-S/NT had soil disturbance only during planting operations when the direct seed drill made a single pass at the 10-cm depth. In addition to biennial seeding, W-F/ST received one pass of sweep tillage (?10 cm deep) in mid-May, which left the soil largely intact with the majority of residue remaining on the surface. In contrast, W-F/MP received one pass of moldboard tillage (?22 cm deep) and one pass of a harrow (?10-cm deep) in mid-May, inverting the soil and leaving nearly all residue buried. Both W-F/ST and W-F/MP were tilled with a rod weeder at the 5-cm depth to control weeds as needed.
Soil and Plant Biomass Sampling
Soil samples (24 georeferenced soil cores) were collected in 2004, 2008, and 2012 from each treatment using a Giddings hydraulic probe (Giddings Machine Company) after crop harvest and prior to seeding in late summer. Soil cores were sectioned into depth increments of 0 to 5, 5 to 10, 10 to 20, 20 to 30, 30 to 60, 60 to 100, and 100 to 150 cm. Soil cores were dried at 40°C, cleaned of all visible above-and belowground plant residues, ground to pass through a 2-mm sieve, and roller milled for 4 h. Total C and inorganic C were determined. Soil samples were analyzed on a Flash EA 1112 elemental analyzer (Thermo-Finnigan) for total C and total N. Soil samples were analyzed for inorganic C using a CA-100 TOC analyzer (Skalar Analytical). Soil organic C was determined by subtracting measured inorganic C from total C. Additional soil cores were collected with each subsample, dried at 105°C, and weighed to calculate soil bulk density and soil water content. Whole plant samples were collected from three inner rows of each plot (1.0 m 2 ) and dried at 60°C for at least 48 h.
Model Description
A brief description of CQESTR is reported here. A detailed description of CQESTR can be found in Liang et al. (2009) and Gollany et al. (2012a) . It computes the rate of biological decomposition of crop residue (root and shoot) or organic amendments on a daily time step as they convert to SOM in a soil profile (Rickman et al., 2001; Liang et al., 2009) . Daily average air temperature is estimated by fitting the annual temperature trend provided by the monthly averages. Each organic residue addition is tracked separately, according to its placement in soil horizons, until it is completely decomposed. Residue decomposition is determined by the location of residue as either surface residue or buried in the soil with different water coefficients assigned to each. The presence or absence of a growing crop is denoted with a different water coefficient assigned to each. The C pools are depicted as a continuum, as described by Lehmann and Kleber (2015) , and decomposition is a three-phase process (Liang et al., 2009; Gollany et al., 2012a) . After 15,000 thermal units (cumulative growing degree days), the composted residue is transferred to the stable SOM pool if the pool is not saturated with C. Changes in SOM are computed by maintaining a soil C budget for C additions as a result of atmospheric CO 2 sequestration during photosynthesis or added amendments, and C losses as CO 2 through microbial decomposition. The total SOC budget can be represented by Eq. [1], using units of dry weight per unit area within each soil layer,
where SOC is total soil organic C; C SOM is the C in the stable SOM; C DOM is the decomposed organic matter lost as CO 2 ; C S, l is the C in shoot residue l; C DS,l is the C lost as CO 2 from decomposed shoot residue l; C R, m is the C in root residue m; C DR, m is the C lost as CO 2 from decomposed root residue m; C A, n is the C in organic amendment n; C DA, n is the C lost as CO 2 from decomposed amendment n; and m, v, and w are all applications of organic materials from the initial time to the current day (Liang et al., 2009) . Although CQESTR contains crop growth algorithms, it does not predict crop yield because of the complex interactions among plant growth, biotic (e.g., disease, insect infestation), and abiotic (e.g., frost, soil pH) factors.
CQESTR Inputs and Simulation Scenarios
Model inputs were weather (mean monthly temperature and precipitation), total plant biomass (i.e., root and shoot), biomass N content, grain yield (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) , and SOC and soil bulk density data collected from 2004 to 2012. Other input data required were management (i.e., dates of residue additions or removal), depth and percentage of the soil area disturbed during disturbance events (i.e., tillage, planting, or fertilizer applications), and soil properties (i.e., soil texture and drainage class). The root/shoot ratios of 0.11, 0.11, 0.07, and 0.07 for winter wheat were used for W-W/NT, W-W-S/NT, W-F/ST, and W-F/MP, respectively, according to data from both no-till and tilled plots adjacent to the experiment site . A root/shoot ratio of 0.42 for corn (Zea mays L.) (Gray et al., 2014) was used for the sorghum in the W-W-S/NT treatment due to lack of data on this specific crop. Soil organic C dynamics for each treatment at the site were simulated using CQSTER. Soil organic C values from 2004, 2008, and 2012 were compared with model-simulated results for the same years to evaluate predictive performance of CQESTR.
The CQESTR model was used to simulate four climate scenarios with multiple variations of yield and climate change for each treatment (Tables 1 and 2) . A total of 84 scenarios were simulated with multiple variations of crop productivity and climatic projections. There is a large uncertainty in simulating impacts of increasing temperature on wheat yield (Asseng et al., 2015) . It is generally assumed that rising temperature has a negative impact on yield of major crops (Lobell and Field, 2007; Hatfield et al., 2011) . Since the impact of future climate change on crop yield is uncertain, five scenarios (i.e., 70, 90, 100, 110, and 130%) for future yield change relative to average crop production for the experimental period of 2003 to 2016 were simulated, representing a broad range of potential varietal improvements or climatic impacts on crop yields. The period of 2003 to 2016 was selected because of the availability of complete yield data.
Climate Projection and Simulation Scenarios
Three climate change scenarios were used to estimate future changes in temperature and precipitation relative to baseline climatic data for the study period (Table 2 ). These were: (i) the Third Oregon Climate Assessment Report for low GHG emissions (OCAR 3 -RCP4.5; Dalton et al., 2017) , which is equivalent to representative concentration pathway 4.5 (RCP4.5, representing peak GHGs near the mid-21st century and then a decline; van Vuuren et al., 2011); (ii) the Third Oregon Climate Assessment Report based on predicted GHG emission increases at current rate though 2100, RCP8.5 (OCAR 3 -RCP8.5; Dalton et al., 2017) ; and (iii) the University of California Santa Cruz Regional Climate Model version 3 with boundary conditions from the Third Generation Coupled Global Climate Model (RCM3-CGCM3), obtained from the North American Regional Climate Change Assessment Program (NARCCAP). The RCM3-CGM3 was selected from the 12 climate model-driver combinations available from NARCCAP, as it most closely represented the average of all models for this location (Mearns et al., 2014) .
Soil organic C simulation scenarios for each treatment spanned the measurement period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) and the predictive period . Crop yield scenarios simulated in combination with four scenarios were: (i) a baseline (assumed no climate change); Table 1 . Forty-year CQESTR-simulated changes in soil organic carbon (SOC) for the 0-to 100-cm soil depth in response to yield and climate trends for each treatment at Pendleton, OR, during the predictive period (2012-2052).
Climate scenarios
Yield scenarios † (Mearns et al., 2014) . # Third Oregon Climate Assessment Report for the low (RCP4.5) climate change scenario assuming that greenhouse gas emissions decline after a midcentury peak (Dalton et al., 2017) . † † Third Oregon Climate Assessment Report for the high (RCP8.5) climate change scenario assuming that greenhouse gas emissions continue through 2100 at the current rates (Dalton et al., 2017) . (Dalton et al., 2017) . ‡ Third Oregon Climate Assessment Report for the high (RCP8.5) climate change scenario assuming that greenhouse gas emissions continue through 2100 at the current rates (Dalton et al., 2017) . § The University of California Santa Cruz Regional Climate Model version 3 with boundary conditions from the Third Generation Coupled Global Climate Model (Mearns et al., 2014) .
(ii) climate change with RCM3-CGCM3 projection; (iii) climate change under low GHG emissions (OCAR 3 -RCP4.5); and (iv) climate change under high GHG emissions (OCAR 3 -RCP8.5). The baseline climate scenario used average annual mean monthly temperature and precipitation values collected from 2000 to 2016, at the Pendleton-ARS weather station adjacent to the study plots. The OCAR 3 -RCP4.5 and OCAR 3 -RCP8.5 scenarios projected climate change for 2040 to 2069 relative to averages from 1970 to 1999 (Dalton et al., 2017) . The RCM3-CGCM3 scenario projected climate change for 2041 to 2070 relative to averages from 1971 to 2000 (Mearns et al., 2014) . All three climate change scenarios predicted increases in temperature and precipitation over the course of the simulation period. Increases in average annual temperature relative to 1997 to 2016 averages were 1.66, 2.42, and 1.72°C for OCAR 3 -RCP4.5, OCAR 3 -RCP8.5, and RCM3-CGCM3, respectively. Increases in annual precipitation (relative to 1997-2016) were 9.9, 10.6, and 15.0% for OCAR 3 -RCP4.5, OCAR 3 -RCP8.5, and RCM3-CGCM3, respectively.
Statistical Procedures
Linear regression (PROC REG) was used to ascertain statistical significance (SAS Institute, 2014). The CQESTR predictive performance was assessed using mean square deviation (MSD) analysis, which measures bias of the model, as the square of RMSE (Kobayashi and Salam, 2000) . The MSD was partitioned into three components, squared bias (SB, the inequality between the arithmetic means of the X and Y values), lack of correlation (LC, measures the scatter), and nonunity slope (NU, measures the degree of rotation of the regression line) according to Gauch et al. (2003) . The MSD was calculated as the sum of SB, LC, and NU:
The SB, the inequality between the arithmetic means ( X and Y ), was calculated as = -
The LC was calculated as where r 2 is the coefficient of determination; y i is n Y Y , the correlation coefficient between the simulation and the measurement; and n is the number of measurements.
The NU was calculated as
where b is the slope of the regression of Y on X and x i is i X X.
Results and Discussion
Model Performance
Observed versus simulated SOC values were significantly (P < 0.0001) correlated (r = 0.98, Y = −0.023 + 1.001X) for soil sampling depths of 0 to 10, 10 to 20, 20 to 30, 30 to 60, and 60 to 100 cm for the five treatments (Fig. 1a) . Total MSD was 0.469, with individual components of LC, NU, and SB having values of 0.453, 0.016, and 0.000 Mg SOC ha −1 , respectively. The low overall MSD and highly significant (P < 0.0001) coefficient of determination (r 2 = 0.97) of regression results indicated that CQESTR can accurately predict SOC values for this site. Furthermore, CQESTR simulated SOC with depth up to five layers for individual treatments ( Fig. 2a ) and predicted SOC very well as for all the treatments (Fig. 2b) . Therefore, CQESTR was used to predict SOC stock changes in the whole soil profile (1-m depth) to compare relative differences in the treatments and scenarios.
Effects of Tillage and Crop Rotations
Tillage and crop rotations had a significant effect on SOC in the top 100 cm ( Table 1 ). The predicted change in SOC, under the baseline scenario (i.e., current climate and 100% yield), ranged from −12.03 to 2.56 Mg C ha −1 for the W-F/MP and W-W/NT cropping systems, respectively, over the 2012 to 2052 predictive period. The W-W/NT system was the only cropping system that increased SOC up to 2.56 Mg C ha −1 at a rate of 0.06 Mg C ha −1 yr −1 and maintained SOC in the 1-m soil depth during the 40-yr predictive period , under current average yield, temperature, and precipitation (Fig. 3) . All other treatments were predicted to lose SOC stocks under baseline simulations. Predicted rates of SOC loss over the 40 yr were 0.03, 0.24, 0.30, and 0.47 Mg C ha −1 yr −1 , respectively, for the W-W-S/NT, W-F/ST, W-F/ MP and CF treatments. Reducing fallow period from 15 to 3 mo with conversion to W-W/NT increased SOC, whereas other treatments progressively lost SOC stocks in the following order as fallow period increased: W-W-S/NT < W-F/ST < W-F/MP < CF. The increase in simulated and measured SOC in W-W/NT could be due to the combination of elimination of tillage, reduced fallow period, and increasing the total amount of crop residues returned (Table 3) . This is consistent with results reported by Stockmann et al. (2013) that SOC were positively correlated with plant residue inputs and negatively correlated with tillage. Increase in SOC under dryland agriculture in the United States and Canada after elimination of fallow in wheat-fallow was reported previously (Doran et al., 1998; Peterson et al., 1998; Grant et al., 2001; Gollany et al., 2012b) .
The use of long fallow periods to conserve soil water and minimize production risk in the dryland PNW production regions is a major limitation to increasing annualized biomass additions and SOC stocks. Lower SOC in W-W-S/NT compared with W-W/NT could be due to the longer fallow period (3 vs. 9 mo), lower total amount of crop residues returned to the soil, or higher N content (7.7 vs. 5.4 g N kg −1 ) from sorghum ´ sudangrass compared with wheat (Table 3) , or a combination of these factors. The longer fallow period reduced crop biomass inputs (7.5 vs. 7.0) and consequently reduced total biomass inputs and reduced simulated SOC stocks. Nitrogen content in the W-W-S/NT was the highest among all the cropping systems. These simulation results are consistent with multiple studies that have reported a positive correlation between the amount of crop residue added and SOC (Paustian et al., 1997; Kong et al., 2005; Stockmann et al., 2013) , as well as increased SOM decomposition with increased N content (Cochran et al., 2006) . Only with 130% yield under the baseline scenario did W-W-S/NT increase SOC (Table 1) . Therefore, W-W-S/NT has a limited potential to increase SOC compared with W-W/NT. This is in agreement with Powlson et al. (2014) that no-till agriculture has a limited potential for climate change mitigation.
Lower SOC losses in W-W-S/NT compared with W-F/ST could be due to the shorter fallow period (9 vs. 15 mo), reduced tillage, and higher total amount of crop residue returned to the soil (7.0 vs. 5.6 Mg ha −1 yr −1 ). Elimination of tillage and reduction of fallow in W-W-S/NT compared with W-F/MP reduced the rate of SOC losses by one-tenth (0.03 vs. 0.30 Mg C ha −1 yr −1 ). Increasing cropping intensity and eliminating fallow has been found to increase SOC stocks as a result of increased crop biomass production and residue returned to the soil (Sherrod et al., 2005) . Soil disturbance from tillage operations affects biochemical and soil physical properties and CO 2 emissions as crop residue and SOM decompose (Oorts et al., 2007) . Tillage accelerates crop residue decomposition by placing residues in the subsoil where decomposition conditions are more favorable than on the soil surface (Douglas et al., 1980; Christensen, 1986) . Tillage also breaks down soil aggregates, exposing physically protected SOC (Six et al., 1999; Six et al., 2000) . Furthermore, tillage increases SOC losses through CO 2 emissions, soil erosion, and runoff (Roberts and Chan, 1990; Reicosky and Lindstrom, 1993; Paustian et al., 1995) . The CQESTR-simulated values do not account for soil erosion explicitly; however, it is possible that the simulation results implicitly include impacts of erosion on SOC because observed values were used during simulation initializations and presumably reflect tillage erosion of the observed values. The predicted accrual or loss in SOC from these cropping systems scenarios were a function of either tillage, fallow period, climate, or biomass input, or a combination of these factors. The CF treatment had the highest rate of SOC loss (0.47 Mg C ha −1 yr −1 ). This is the predicted rate of SOM decomposition or SOC loss in the bare soil for the dryland PNW without C inputs from crop residue. This was not surprising, because management changes such as crop residue inputs, soil nutrient levels, water balance, and soil temperature due to limited soil cover affect SOC stocks.
Crop Yield and Soil Organic Carbon
Climate change impacts on crop yields are highly uncertain under dryland production, although increased precipitation is predicted for the inland PNW. Shifts in seasonal distribution of precipitation could have detrimental effects on winter wheat yields and SOC stocks. Soil organic C losses are predicted for all cropping systems with the 30% yield reduction under the current climate scenario, even in W-W/NT (Table 1) . Predicted rates of SOC loss are 0.05, 0.12, 0.28, and 0.32 Mg C ha −1 yr −1 , respectively, for the W-W/NT, W-W-S/NT, W-F/ST, and W-F/MP treatments with 30% wheat yield reduction. Climate change impacts on SOC are further complicated by crop yields, which are highly affected by climate and the technological advancements in crop production. Technological yield gains between 1981 and 2002 resulted in net yield increases of ?40 to 50% for wheat at a global scale, whereas the ?0.4°C increase in annual global temperatures over the same time period resulted in yield loss of 2 to 3% (Lobell and Field, 2007) . Yields of most major crops in the United States have steadily increased since the 1940s in spite of climate change. Since the effects of improvements in crop genetics, management innovations, or farmer adaptability are unknown, predicting the trajectory of future crop yields is difficult (Alexandrov and Hoogenboom, 2000; Crane et al., 2011) . With a crop yield increase of 30% without climate change, the predicted rate of SOC stocks tripled (0.18 vs. 0.06 Mg C ha −1 yr −1 ) for W-W/NT compared with W-W-S/NT, whereas the predicted rate of SOC losses decreased from −0.28 in W-F/MP to −0.19 Mg C ha −1 yr −1 in W-F/ ST. This is most likely because of different tillage and biomass inputs into CQESTR (Table 3) . Uncertainty in the root biomass input can also affect total biomass inputs to the model and consequently the SOC prediction. Similarly, future climate prediction uncertainty from climate model outputs used in CQESTR could introduce error to SOC predictions.
Climate Change and Crop Yield Effect
Soil organic C losses were predicted for all the treatments under all three climate change projections (RCM3-CGCM3, OCAR 3 -RCP4.5, and OCAR 3 -RCP8.5) and baseline yield (100%) scenarios (Table 1) . However, SOC losses in W-W/ NT and W-W-S/NT were smaller than in W-F/ ST or W-F/MP. Projected climate change could alter precipitation patterns and produce higher air temperatures, resulting in greater soil aeration due to reduced soil water content with increased soil temperature, and higher rates of crop residue and SOM decomposition (Billings et al., 1984; Oechel and Vourlitis, 1995) .
Loss of SOC was predicted for W-W/NT under RCM3-CGCM3 (Table 1, Fig. 4 ) for all wheat yield scenarios except the 130% yield scenario, as well as under OCAR 3 -RCP4.5 and OCAR 3 -RCP8.5 simulation scenarios (Table 1) . However, losses of SOC were predicted for W-F/ST under all yield and RCM3-CGCM3 scenarios (Table 1, Fig. 5 ). The predicted SOC in the W-W/NT increased by 0.71, 0.88, and 1.16 Mg C ha −1 with 30% wheat yield increase under OCAR 3 -RCP4.5, RCM3-CGCM3, and OCAR 3 -RCP8.5, respectively (Table 1) . Elevated temperatures and CO 2 fertilization could modify soil water content and improve water use efficiency by wheat, stimulate crop net primary productivity, and increase crop residue returned to the soil. This is consistent with results from Pendall et al. (2013) that warming reduces C losses from grassland exposed to elevated atmospheric CO 2 . A projected warmer growing season and increased precipitation in the next decade or two for this region could also promote expanded growing seasons, whereas CO 2 enrichment may increase yields under increasing atmospheric CO 2 (Abatzoglou et al., 2014; Dalton et al., 2017) . Kimball and colleagues (2017) concluded that the lethal average air temperature for wheat production must be close to 32°C. Global wheat production is estimated to decrease by 6% for each 1.0°C temperature increase (Asseng et al., 2015) . Wheat production will likely be sustained in the PNW region through the midcentury, as long as growing season temperatures remain near the optimum range for vegetative and reproductive development of the crop (Hatfield et al., 2008) .
Conclusions
Continuous winter wheat under no tillage was the only cropping system that increased SOC under the current average wheat yield and climate. Continuous wheat sequestered SOC at rate of 0.06 Mg C ha −1 yr −1 under current crop yields and climate. A high-residue-producing cropping system with a short fallow period was the only cropping system under the current mean annual temperature and precipitation that maintained SOC, except with 30% yield reduction. Wheat-wheat-sorghum/ sudangrass rotation under no tillage increased SOC only with a 30% crop yield increase; thus, it could become a second viable cropping system under drought stress, since sorghum ´ sudangrass is a drought-tolerant crop.
Modest increases in SOC were predicted in W-W/NT with a 30% yield increase projection under the climate change scenario. Warming under high GHG emissions (RCP8.5) reduced SOC losses from continuous wheat under no tillage. Therefore, W-W/NT is a viable cropping system to increase SOC and reduce CO 2 emissions under changing climate in the dryland PNW. Continuous cropping under no tillage not only increases SOC and improves soil health and resiliency to the impact of changing climate, but it also reduces CO 2 in the atmosphere and provides continuous soil cover that protects soil from wind and water erosion and increases soil C retention.
